changing the biofilm from a "healthy" biofilm to a "cariogenic" biofilm, predisposing the site to dental caries (Cummins 2013) . The complex mechanistic function of the mixed ecology plays a critical role in the presence and persistence of specific bacterial species in the plaque biofilm and its cariogenic transition. Many of the bacterial species associated with oral health have difficulty surviving in the presence of ongoing acid at the biofilm-tooth interface, as many bacteria do not possess an acid tolerance mechanism (Marsh and Martin 1992; Marsh 2010) . Kleinberg et al. (1977) suggested that the mixed oral flora is influenced by the presence or absence of saliva and salivary components, and that the behavior of the entire biofilm (acid or base predominating) was determined not only by the presence of fermentable carbohydrate but also by the presence or absence of components of saliva (greater than calcium and phosphates). Kleinberg proposed that there were 2 mechanisms for balancing the pH of the mixed flora that used substrate regulation: one, where substrate was limited in exposure, the other where substrate is not limited (Figure 1 ; Kleinberg 2002) . Over the next several decades, Kleinberg continued researching the role of saliva in maintaining a neutral pH plaque (Kleinberg et al. 1983) , and showed that the metabolism of the mixed ecology supernatant mimicked the Stephan curve, demonstrating that there was something in saliva that resulted in natural buffering (Kleinberg et al. 1973; Kleinberg et al. 1979) .
Later, Kleinberg made the point that acid neutralization involved the deiminase pathway on arginine to generate ammonia, showing that several bacterial species possessed mechanisms to metabolize specific salivary-borne amino acids, specifically arginine. Bacteria, such as S. sanguinis, are metabolically capable of utilizing the arginine deiminase pathway, which breaks down the arginine present in saliva to produce ammonia and carbon dioxide. The ammonia reduces the biofilm acid, and enables acid-labile species to survive (Wijeyeweera and Kleinberg 1989a; 1989b) . This mechanism protects the biofilm and helps prevent a change from a "healthy" to a "cariogenic" plaque. These studies led to the introduction of a new arginine-based product that helps to neutralize acid in the plaque and maintain a "healthy" balance in the plaque ecology.
In Situ/In Vivo Mechanism of Action Studies
The results of in situ and in vivo studies on the mechanism of action have supported the role of arginine in producing alkali and neutralizing acid. A recent investigation evaluating alkali production found that caries-free individuals had statistically significantly higher arginine deiminase system (ADS) activity levels in the saliva and supragingival plaque than caries-active individuals (Gordan et al. 2010) . In another study, baseline ADS activity was higher in caries-free individuals than in caries-active individuals (Nascimento et al. 2014) . The authors treated 19 caries-free and 19 caries-active subjects with a 1.5% arginine-containing toothpaste (without fluoride). The results revealed an increase in the ADS activity levels, and a shift in the flora of the caries-active individuals toward flora of caries-free individuals. The authors further explained that the shift in ADS activity was more than merely an increase in S. sanguinis and S. gordonii. A 2015 study by Huang et al. confirmed that caries susceptibility involves a deficiency in alkali production and that it is not solely based on acid production, as had been assumed. This study, though small, reported that the "…results are significant in the context of understanding caries as an ecologically driven disease by supporting that high ADSexpressing strains could positively affect plaque ecology in a synergistic manner; i.e., by moderating plaque pH and reducing the risk for caries." Huang et al. confirmed that, although S. sanguinis was the most prevalent species, other Streptococcus sp. were also represented. Together, these studies suggest that "healthy" plaque is more arginolytic than caries-active plaque, and support Kleinberg's postulate of a "balanced" ecology.
To demonstrate how arginine can alter the biofilm, we conducted an in vivo, 4-wk study testing the effect of a 1.5% arginine-containing toothpaste on biofilm (Wolff et al. 2013) . The study assessed the effects of arginine use on plaque metabolism, using ex vivo analyses as baseline, after 2 wk of assigned product use, and then after 2 wk of control product use. Measurements of plaque pH, ammonia production and lactate production were taken before and after an in vivo sucrose rinse. We found that subjects using the test dentifrice-containing 1.5% arginine, an insoluble calcium compound and 1450 ppm fluoride-had significantly higher plaque pH values before the sucrose challenge than subjects using the commercially available control dentifrice (P ≤ 0.01). Plaque samples from subjects using the arginine-containing dentifrice also produced significantly higher levels of ammonia (P ≤ 0.01). Subjects using the arginine-containing dentifrice also had a directionally higher plaque pH after the sucrose challenge, and their plaque samples produced a directionally lower level of lactate during the 2-wk treatment period as compared with subjects using the control dentifrice. After a 2-wk subsequent use of the control product, there were no significant differences in the measures of plaque metabolism between the groups. 
Caries Progression/Arrest/Reversal: Utilizing Quantitative Light-Induced Fluorescence (QLF)
Three studies of the arginine-containing toothpaste were conducted at 2 different sites using quantitative light-induced fluorescence (QLF), which quantifies the difference in fluorescent radiance between sound tooth enamel and carious enamel (de Josselin de Jong et al. 1995) . Tranaeus et al. demonstrated that QLF was both highly reproducible and capable of monitoring the progression and resolution of early enamel lesion (Tranaeus et al. 2001; Tranaeus et al. 2002) . These studies analyzed a calculated ∆Q (lesion volume) to determine the effectiveness of the products. A reduction in lesion volume indicates a reversal in the demineralized tooth structure. The study by looked at the effect of a 1.5% arginine/1450 ppm fluoride sodium monofluorophosphate (MFP) paste, a 1450 ppm-fluoride (MFP) paste and a nonfluoride paste in 446 children over 6 mo. A second study by the same team tested 3 toothpastes-1.5% arginine/1450 ppm fluoride (MFP), a 1450 ppm fluoride with a silica and sodium fluoride, and a nonfluoride paste-on 438 children, again over 6 mo . A third QLF study by Srisilapanan et al. (2013) evaluated 2 pastes in 331 children: a 1.5% arginine/1450 ppm fluoride (MFP) and a 1450 ppm fluoride (MFP). Each of these studies demonstrated significant reductions in lesion volume in the arginine toothpaste groups over both the fluoride and nonfluoride control: The arginine-containing pastes led to a 45% to 51% reduction in lesion volume; the fluoride-containing positive control, a 29% to 34% reduction, and the nonfluoride pastes, an 11% to 13% reduction (in the studies conducted by and .). The significant reduction in lesion volume with the arginine-containing pastes over the fluoride-containing pastes alone indicates improved remineralization in the presence of arginine.
Caries Clinical Trials Using Adult Root Caries Lesion Hardness
Studies evaluating caries management products on adults are not common. In 2013, 2 studies were conducted on a total of 658 adults to evaluate whether 1.5% arginine and 1450 ppm fluoride in a dentifrice could harden "leathery" root lesions better than a 1450 ppm toothpaste (Souza et al. 2013 ) or a 1450 ppm toothpaste (positive control)/nonfluoride (negative control) arms . In both studies, the argininecontaining pastes led to statistically significantly greater changes in caries surface texture, from leathery to hard in 65.5% to 70.5% for the arginine-containing paste versus 58.1% to 59.5% for the 1450 ppm fluoride paste. In the study by Hu et al., the arginine paste also converted 14% of the soft lesions to hard surfaces, whereas the nonfluoride paste only converted 25% of the leathery (partially softened) dentin to hard dentin.
Caries Clinical Trials on Newly Erupted Permanent Teeth
The first caries trial with cavitation as an outcome, by Kraivaphan et al. (2013) , involved nearly 6,000 children, aged 6 to 12 y, who brushed twice daily with 1 of 2 arginine-containing toothpastes or a fluoride-containing toothpaste control. After 2 y, participants on the arginine-containing pastes had statistically significant reductions in caries formation: 17.7% to 21.0% in DMFT and a 16.5% reduction in caries as measured by DMFS, when assessing permanent dentition (See Table 1 ).
The second, a 2-y double blind study, was a randomized, unsupervised brushing study, evaluating 6,074 children who also used 1 of 2 arginine-containing toothpastes or a fluoridecontaining toothpaste control (Li et al. 2015) . After 2 y, participants on the arginine-containing pastes had statistically significant reductions in caries formation (20% reduction in DMFT;19% reduction in DMFS) when looking at the permanent dentition (See Table 2 ).
A third, 2-y clinical study evaluated the caries state of 4-to 6-y-old children with intervention with 1,450 ppm fluoride toothpaste containing 1.5% arginine in a controlled in-school tooth brushing program (Petersen et al. 2015) . This study involved both a controlled brushing variable as well as the arginine toothpaste. Focusing on newly erupted first molars, participants in the intervention group showed statistically significant reductions in caries formation, with 12.6% reduction in DMFT and a 16.8% reduction in DMFS (See Table 3 ).
Conclusion
This paper presents the science and supporting evidence for arginine-containing toothpastes as a commercially available toothpaste with complementary anti-caries mechanism intended to supplement the known effects of fluoride. Arginine, a common amino acid, has demonstrated specific effects on the biofilm and the microflora, and has an anti-caries effect beyond that of fluoride alone. In addition to the limited number of studies presented above, Dr. Marcelle Nascimento's conference DMFS, decay, missing and filled surfaces; DMFT, decay, missing and filled teeth. *21.0% difference vs. positive control; P < 0.001. **17.7% difference vs. positive control; P < 0.001. ***16.5% difference vs. positive control; P < 0.001.
paper, "Potential Uses of Arginine in Dentistry," extends the discussion of the mechanisms of how arginine alters the biofilm (Nascimento 2017) . Here, we discussed 8 published clinical studies conducted at universities from around the world that were sponsored by the manufacturer. A total of 1,100 subjects participated in 3 studies at 2 sites, exploring the role of arginine-containing toothpastes in treating demineralization and/or in promoting the remineralization of early caries lesions.
Each of the 3 studies demonstrated a significantly greater reduction in demineralization (as measured by QLF demonstrating a decrease in ∆Q, lesion volume) with the arginine paste. In addition, approximately 12,500 subjects participated in 4 clinical studies with cavitation as a clinical outcome, and similarly demonstrated the significant reductions in root and coronal caries formation with arginine beyond the use of fluoride. Combined with our own study, these collective results point to the use of an alternate mechanism of ecologic balancing for caries treatment.
A recently published opinion paper questioned the ethics of the studies conducted, and even the cost-effectiveness of the product in caries prevention (Shaw et al. 2015) , and a recently published systematic review also questioned the efficacy of the arginine-containing pastes (Astvaldsdottir et al. 2016) . The authors of the systematic review, after applying strict inclusion and exclusion criteria that some might consider the most stringent of conditions, made the statement, "At present there is insufficient evidence in support of a caries-preventive effect for the inclusion of arginine in toothpastes. More rigorous studies which are less dependent on commercial interests, are required." The 8 studies reviewed here used a range of research methods and study populations, with each study demonstrating highly consistent results. Most important, since the first study, every published clinical study since has found that argininecontaining pastes reduce caries beyond the use of fluoride alone. Although these studies should be treated with some caution-they were all commercially sponsored-additional, independent studies would be welcomed. However, because such additional independent studies are unlikely to be conducted, the best available evidence to date suggests that toothpastes containing 1.5% arginine combined with fluoride have superior anti-caries efficacy to toothpastes containing fluoride alone.
The research reviewed in this paper demonstrates that incremental reductions in caries beyond that achieved with fluoride alone can be safely accomplished without antimicrobial technologies. The use of a naturally occurring amino acid found routinely in saliva can foster a "healthier," more balanced biofilm environment, thereby reducing caries. Kleinberg compared providing additional arginine to the mixed ecology of the dental biofilm to that of gardening, where we provide the ideal nutrients to plants to help them grow more robustly. Arginine delivered within toothpaste will nurture a healthier, less acid-generating biofilm.
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